1 Introduction Light emitting diodes (LEDs) are now widely used for high efficiency visible light generation, with InGaN quantum wells (QWs) active regions being utilised when emission in the blue and green regions of the visible spectrum is required. However devices which emit green light exhibit much lower external quantum efficiencies (EQEs), of the order of 25 % [1] , than their blue emitting counterparts, for which EQEs in excess of 70 % are reported [2] . It is also not possible to produce efficient emission using AlInGaP devices in the green region of the visible spectrum, resulting in a wavelength range where the production of a highly efficient LED is not possible, commonly referred to as the "green gap" [3, 4] .
In order to achieve emission in the green spectral region using InGaN/GaN based LEDs, the indium composition of the QW needs to be higher than that required for blue emission. This increase in indium composition leads to an increase in the strength of the polarisation induced electric fields across the QWs [5] [6] [7] . This, in turn, leads to longer radiative recombination lifetimes for green emitting devices compared to their blue emitting counterparts. It is anticipated that this increase in the radiative recombination lifetime in green emitting samples leads to less efficient competition with non-radiative recombination pathways, resulting in the reduction in EQE for green LEDs. However it has been suggested that this increase in radiative recombination lifetime alone is not sufficient to explain the extent to which the EQE is reduced in green emitting devices [8, 9] , and that the effects of non-radiative recombination must also be increased.
In order to achieve the indium content required in green-emitting devices the growth temperature of the QW is reduced, from approximately 750 °C for blue emitting devices to approximately 700 °C in green emitting devices. This is to reduce the rate of indium desorption during growth. This lower temperature has been shown to lead to a higher density of structural defects and impurity incorporation [10, 11] . Of particular relevance is evidence that a higher density of point defects is introduced when layers of higher indium content are grown at a reduced temperature [13] [14] [15] [16] [17] , and these point defects have been shown to act as non-radiative recombination centres [18] .
In this work we report on how the optical properties of two sets of samples, one set designed to emit at the same wavelength in the blue spectral region and the other at the same wavelength in the green spectral region, are effected by the growth temperature of the QW.
2 Experimental details Six samples, three blueemitting 10 QW structures and three green-emitting 5 QW structures, were grown by metalorganic vapour phase epitaxy in a 6×2 inch Thomas Swan close-coupled showerhead reactor on GaN pseudo substrates using the twotemperature growth method [19] . The QW and barrier thicknesses were nominally 3 and 7 nm respectively for both sets of samples. Within each set of QWs, the temperature at which the QW was grown was progressively reduced, in order to compensate for this effect the indium precursor flow rate was adjusted in order to maintain a constant indium fraction. X-ray diffraction measurements were used to confirm that the indium compositions and thickness of the QW/barrier repeats were indeed constant for each sample set. A summary of the growth conditions and the results of the X-ray diffraction measurements are shown in Table 1 . The X-ray diffraction measurements only provide information as to the average indium content and period of the combined QW and barrier regions due to the presence of gross well width fluctuations introduced by the 2 temperature growth method. Transmission electron microscopy measurements (not shown) did not show any evidence of strain relaxation such as misfit dislocations in any of the samples, indicating that the InGaN QWs are fully strained to the GaN.
For the optical measurements the samples were mounted on the cold finger of a closed cycle helium cryostat with the sample mounted at Brewster angle to the collection optics in order to reduce the effects of Fabry-Pérot interference. Temperature and power dependent photoluminescence (PL) measurements were performed using a continuous wave HeCd laser with a photon energy of 3.815 eV to excite the samples. For the PL decay transients, the frequency tripled output of a mode-locked Ti:sapphire laser, with a final photon energy of 4.881 eV, was used to excite the samples, the PL decay transients were then processed using time correlated single photon counting techniques. 3 Results and discussion In Fig. 1 is shown the low temperature PL spectra recorded for each of the samples, showing that there is no significant or systematic variation in the PL peak energy or lineshape caused by the variation in QW growth temperature. The green and blue emitting samples have PL emission peaks at 2.4 and 2.75 eV respectively, confirming that the emission wavelength of the QWs within the sample sets were not affected by the changes in the QW growth temperature. The PL spectra of each sample were recorded as a function of excitation power density and temperature, and from this data the 300 K IQE, defined as the ratio of integrated intensity recorded at 300 K compared to that recorded at 10 K, was calculated as a function of excitation power density. The IQEs as a function of power density are shown in Fig. 2 . We estimate the range of excitation power densities investigated would be equivalent to a current density range of 1-200 A cm -2 in an LED structure. The first thing of note is that for all excitation power densities studied there is a clear trend in the measured 300 K IQEs as a function of QW growth temperature, with lower QW growth temperatures resulting in lower 300 K IQE for both blue and greenemitting samples. At low excitation power densities all samples showed an increase in 300 K IQE as the excitation power density is increased; this behaviour is widely observed [20] [21] [22] [23] [24] and has been attributed to the saturation of the non-radiative recombination pathway as the excitation power density is increased [24] . As the excitation power density is further www.pss-c.com increased the rate of increase in IQE slows, in some samples producing a plateau. This behaviour is often observed prior to the onset of the efficiency droop [20] [21] [22] [23] [24] which has been reported to occur at a wide range of current densities ranging from 0.2-1000 Acm -2 [25, 26] . The reduction in IQE for samples grown using lower QW growth temperatures suggests that there is an increase in the non-radiative recombination rate. In order to confirm this hypothesis the 300 K carrier recombination dynamics of the samples must be studied, however at room temperature the recombination of carriers is determined by both the radiative and non-radiative recombination processes within the sample. Therefore in order to conclusively attribute any changes to the carrier recombination dynamics at 300 K to changes in the non-radiative recombination processes, we must ensure that the change in QW growth temperature has not modified the radiative recombination processes. In order to do this the PL decay transients were recorded at 10 K where the recombination is assumed to be purely radiative [27] . The PL decay transients recorded at the PL emission peaks for both the blue and green-emitting samples are shown in Fig. 3(a) and (b) , respectively. The time decay measurements were performed at a photoinjected carrier density of 4×10 11 cm -2 QW -1 pulse -1 and 8×10 11 cm -2 QW -1 pulse -1 for the blue and green-emitting samples, respectively. This low photoinjected carrier density was chosen in order to avoid any complications caused by efficiency droop related phenomena [20] [21] [22] [23] [24] . All the green-emitting samples have very similar PL decay transients with a measured 1/e PL decay time, defined as the time taken for the PL intensity to fall from its maximum to 1/e of the maximum, of 145 ± 15 ns. For the blue-emitting samples two of the samples Blue 2 and Blue 3 exhibit nearly identical PL decay transients, with 1/e PL decay times of 15 ± 2 ns, however, the observed PL decay transient of sample Blue 1 exhibits a slightly longer 1/e PL decay time of 22 ± 2 ns. The reason for this change in PL decay lifetime is not known, however, this will not affect our conclusions, as a longer PL decay lifetime would lead to a lower IQE if the non-radiative recombination at 300 K is unchanged. From these measurements we therefore conclude that the change in QW growth temperature has not had a significant effect on the radiative recombination rate in either the blue or green-emitting samples. We now turn our attention to the PL decay transients recorded for the samples at 300 K as shown in Fig. 4 . Unlike at 10 K there is now a distinct trend, with the samples grown at lower QW growth temperature, and therefore lower IQE, exhibiting faster PL decay transients for both the blue and green-emitting QW sample sets. The 1/e decay times were found to be 16.5, 6.0, 3.0 ± 0.5 ns for samples Blue 1-Blue 3, respectively, and 39.5, 11.0, 4.0 ± 0.5 ns for samples Green 1-Green 3 (Fig. 5 ). As at 10 K, where the recombination is assumed to be purely radiative, there was no significant modification of the recombination dynamics as the QW growth temperature was varied, it can therefore be concluded that the variation in PL decay dynamics present at 300 K is a consequence of a change to the non-radiative recombination dynamics between the samples with different QW growth temperatures.
We attribute the observed reduction in the nonradiative recombination rate in samples with lower QW growth temperature to an increase in the density of nonradiative recombination centres incorporated into the samples when lower QW growth temperatures are used [12] [13] [14] [15] .
Summary and conclusions
In summary, we have investigated the effect of QW growth temperature on the optical properties of blue and green-emitting QW structures grown at different QW growth temperatures while maintaining the indium composition of the QWs. It was found that at low temperatures (10 K) that modification to the QW growth temperature did not have any significant or systematic effect on the PL emission or the PL decay transients recorded at the PL emission peak. This led us to conclude that the radiative recombination rate within these samples remained unchanged by the QW growth temperature. At 300 K it was found that the samples grown at lower temperature exhibited a lower 300 K PL IQE at all excitation power densities, and a more rapid PL decay transient. This behaviour was found to be systematic, and was attributed to a change in the non-radiative recombination rate. We attributed this reduction in non-radiative recombination lifetime to an increase in the density of point defects incorporated into the crystal due to the reduced QW growth temperature [12] [13] [14] [15] .
